Surface plasmon resonance (SPR) sensing is an optical technique that allows real time detection of small changes in the physical properties, in particular in the refractive index, of a dielectric medium near a metal film surface. One way to increase the SPR signal shift is then to incorporate a substance possessing a strong dispersive refractive index in the range of the plasmon resonance band. In this paper, we investigate the impact of materials possessing a strong dispersive index integrated to the dielectric medium on the SPR reflectivity profile. We present theoretical results based on chromophore absorption spectra and on their associated refractive index obtained from the Lorentz approach and KramersKrönig equations. As predicted by the theory, the experimental results show an enhancement of the SPR response, maximized when the chromophore absorption band coincides with the plasmon resonant wavelength. This shows that chromophores labeling can provide a potential way for SPR response enhancement.
Introduction
Surface plasmon resonance (SPR) technique has become widely used today to detect and to characterize in real time and without labels biomolecular interactions such as DNA-DNA [1] [2] [3] and protein-protein [4] [5] [6] . SPR biosensors are able to detect small changes in the refractive index or in the thickness of thin layers induced by a variation of concentration or by interaction between biomolecules occurring very near the sensitive surface. The Kretschmann configuration [7] is the most used to generate surface plasmon waves based on two principal interrogation techniques: angular and spectral interrogations [8] .
In general, the methods that are used to characterize dielectric media are chosen under the assumption that the refractive index remains constant in the visible range, meaning that potential dispersion is not taken into account.
In the last few years, the SPR technique has also been used to study the absorption spectrum of thin layers near a metal film. In this case, the dielectric medium has a refractive index variation around its absorption band. The angular interrogation technique has been used to study the effect of dye doped polymer particles [9] or to investigate the sensing of ion-selective membranes [10] . These previous studies have shown an increase in the minimum of reflectivity as a function of the dye concentration, as well as a resonance angular shift. This shift is due to variations in the resonance conditions depending on the incident wavelength [10] . Spectral interrogation has been used to investigate the absorption spectroscopy of molecular absorbates [11] and of absorbing liquids [12] . This technique has also been used to study the enhancement of the SPR sensitivity using refractive index dispersion of a dye solution [13] and coupling between surface plasmon and exciton in organic semiconductors [14] . A significant change in the shape of the resonance curve [13] and a modification of the minimal reflectivity [12] have been directly observed around the absorption wavelength. The spectral interrogation technique allows direct measurements of the spectral attenuation and of the plasmon profile modifications.
In this paper, we present the effect of chromophores bounded to DNA target molecules on the SPR biosensor performance. In particular, we show theoretically and experimentally that the chromophores presenting an absorption band in the spectral absorption of the plasmon induce strong refractive index changes which can be clearly observable by the SPR system response.
Simulation of Spectral Response

A. Introduction to Surface Plasmon Resonance
Surface plasmon resonance technique is a surface sensitive optical method, based upon evanescent wave sensing techniques, wherein a light source is directed via a coupling prism or grating toward a thin metal film exhibiting conduction band electrons that can be approximated as a free electron plasma. Under certain resonance conditions, which are very dependent on the local environment, the electron plasma absorbs the energy of the excitation source, creating oscillations known as surface plasmon waves at the metal surface [15, 16] . This absorption is revealed through a sharp decrease in the reflected light amplitude and it depends on the incident angle, wavelength, and refractive index around the metal/ dielectric interface.
The high sensitivity of SPR biosensors is provided by the high dependence of the coupling coefficients on small refractive index changes induced by biomolecular interactions at the metal/dielectric interface. Applied to biochips, this means that each biomolecule interacting within the vicinity of the metallic layer induces an increase in the density of molecules at the interface, leading to a change in refractive index.
B. Plasmon Theory
In the Kretschmann configuration, the energy of the illuminating beam is coupled at the interface by means of a glass prism. Given a TM-polarized collimated beam incident on the structure at a given angle of incidence (θ) and a wavelength (λ) that ensures phase matching between the parallel component of the wave vector of the incident beam and the wave vector of the surface plasmon wave, the energy can be transferred from the light beam to the plasmon mode. Because the plasmon is necessarily TM polarized, no such transfer occurs for the TE mode. SPR existence is driven by equations characterizing the excitation conditions of the plasmon wave. First, it requires a total internal reflection without any metal layer, which means, considering Snell's law, that
Moreover, the plasmon wave propagating at the surface is characterized by a plasmon wave vector K SPR calculated as
where ω is the frequency of the light, c is the speed of light in a vacuum, and ε m and ε d are the permittivities of the metal and dielectric, respectively. The longitudinal projection of the excitation wave vector K x can be written as
where θ is the incidence angle and n prism is the refractive index of the prism at frequency ω. Finally, the incident light is coupled to the plasmon when its wave vector K x is equal to K SPR . It leads to an energy transfer from the incident light to plasmon modes. Equations (2) and (3) illustrate the dependence of the SPR signal on the excitation wavelength and on the incident angle. In addition to these two parameters (θ; ω), the signal depends on the twospace dimensions (x; y), time (t), and on the light polarization. This multidimensional aspect of the new generation of SPR sensors was presented in previous works [17] .
C. Calculation with the Rouard Method
To model the SPR reflectivity of a thin film stack, numerical simulations have been implemented using the extended Rouard approach adapted to nontransparent media, detailed in a recent publication [18] . The main advantage of this method is its simple implementation and generalization to as many layers as necessary (dielectric media or metals) by means of recursive loops and reflectance Fresnel coefficients at the interfaces. It was used to optimize multilayer film parameters in view of improving the sensitivity of SPR biosensors [19] .
In this work, the multilayer stack is composed by the base of a SF11 glass prism, a 1 nm thick chromium layer, a 58 nm thick gold film, and a semiinfinite water medium. The spectral refractive index of the SF11 prism and of the gold film were respectively calculated with Sellmeier's equations [20] and Corn's data [21] . The refractive index of the chromium was taken from the SOPRA database [22] and the refractive index of water was estimated to be 1.33 in the visible range.
D. Simulation of Absorption Band Effects
The SPR wavelength shift depends on the refractive index shift of the dielectric medium in contact with the metal layer. Therefore, one way to increase the SPR signal shift is to incorporate a substance possessing a high refractive index. The use of a dye solution presenting a strong dispersion has been demonstrated to be an efficient way to enhance the sensitivity of a SPR sensor [13] . Labeling of a DNA target molecule with a chromophore presenting strong dispersion, and therefore strong refractive index variations, in the range of the SPR resonance would induce an increase in the signal shift.
The model developed for the determination of the SPR reflectivity variation as a function of the adsorbed thin layer thickness [18] has been extended to take into account the spectral dispersion of the adsorbed layer refractive index. The functionalization and the hybridization processes are summarized in Fig. 1 . Simplified steps have been used in the model. Figure 2 (a) shows the initial plasmon spectrum localized at 654 nm before the functionalization process (the coupling angle was 36°24 0 ). After the functionalization of the DNA probe, the plasmon spectrum shifts slightly to the higher wavelength, inducing a reflectivity variation shown in Fig. 2(b) . The probe is modeled as a biomolecular dielectric film at the interface between the prism/chromium/gold multilayer and the semi-infinite dielectric (buffer solution) and is considered as a layer having a refractive index of 1.46 [23] and a thickness of 1:05 nm as extracted from the reflectivity variation spectrum presented in Fig. 2(b) . According to [19] , the refractive indices of the single and double strand DNA are 1.46 and 1.53, respectively. The hybridization of the label-free target molecules (25 bases) to the probe (35 bases) is taken into account by considering a refractive index change on the target length to 1.53. The refractive index on the 10 nonhybridized other bases was kept to 1.46. To fit the experimental hybridization measurement with the theoretical results, the hybridization rate was estimated to be 25%, leading to a thickness of 1:21 nm and a global refractive index of 1.47. The resonance wavelength of the configuration with label-free target is around 657 nm. The integration of the chromophore to the target has then been taken into account by varying the target refractive index around 1.47, as according to the refractive index dispersion calculated by Eq. (4).
The incorporation effect of four commonly used chromophores, namely Rhodamine 6G (Rh), Cy3, Texas Red (TR), and Cy5 has been investigated. These chromophores present two absorption bands [24] . Their associated resonance wavelength (λ max ) and their full width at half-maximum (γ 1 ) are given in Table 1 . The Lorentz equation approach has been used to approximate the complex refractive index (ε d ) for the used chromophores as detailed in [25] , by incorporating the two absorption bands: where ω 1 and ω 2 are the resonance frequencies at λ 1max and λ 2max of the two absorption bands, respectively, ω p is the plasma frequency, ω is the frequency of observation, and ε bulk is the bulk dielectric coefficient. Compared to Eq. 13 of [21], a dilution coefficient α d calculated from the ratio of the chromophore molecular weight and from the total molecular weight of the labeled target (presented in Table 2 ) was added. We also introduced two coefficients-α 1 and α 2 , presented in Table 1 -to adjust the absorption of the two bands of each chromophore relative to the extinction coefficient given in the literature. These coefficients also take into account the environmental influence on absorption in this case when the labeled target is hybridized on the chip surface. Figure 3 presents the theoretical calculation of the optical absorption and dispersion characteristics of the chromophores and the associated SPR responses while incorporating these chromophores into the adsorbed thin layer. These calculations take into account both real and imaginary parts of their associated refractive index. Figure 3(a) shows the imaginary part of the refractive index (which is directly related to the absorption spectrum) of the four dyes attached to the target molecules. Figure 3(c) shows the dispersive refractive index around 1.47 of the four chromophores calculated with the Lorentz equation. The strong refractive index changes due to the chromophores induce variations in the SPR reflectivity spectra mainly in the wavelength range of the intersection between the absorption spectra and the resonance spectra as shown in Fig. 3(c) . Figure 3(d) illustrates the reflectivity variation calculated from the SPR spectra before and after the interaction. The Cy3, Rh, and TR chromophores have therefore no significant influence on the plasmon resonance curve since their dispersion spectrum is out of the spectral range of the plasmon resonance wavelength. However, since the Cy5 chromophore presents a strong refractive index change in the spectral range of the plasmon resonance spectrum (657 nm), a clear enhancement of the SPR signal is observed around 651 nm.
Experimental Validation of Spectral Effect
We carried out a series of experiments aimed at observing the effect of chromophore absorption when a dye is incorporated onto target molecules. We functionalized probes presenting the M470V wild type formed by the following sequence: biotin 5'(T)10 TTCTAATGATGATTA3' [1] onto the gold surface. Each chromophore was attached to a target complementary to the M470V-WT (wild type) probe.
A schematic diagram of the SPR apparatus is shown in Fig. 4 . A collimated, polychromatic light source passes through a polarizer and illuminates the functionalized gold surface in contact with a hybridization cell at a controlled incident angle. The reflected light is then coupled into a spectrum analyzer instrument via an optical fiber. The full spectral resonance profile is then measured in real time. This configuration allows the dynamic measurement of the full spectral resonance profile on one channel (spectral monosensor configuration).
Figure 5(a) shows SPR spectra variations after binding of targets without labels, with Cy3, TR, Rh, and with Cy5 molecules measured at a fixed incident angle on the prism. As predicted by the simulation presented in Section 2, we clearly observe an enhancement of the response by about 160% only when using the target attached with Cy5 chromophore. This chromophore presents an absorption band in the spectral range of the SPR spectrum, whereas the other chromophore dispersions are out of the spectral range of the plasmon resonance wavelength. Therefore, no significant effect is observed on the signal. At a fixed wavelength, the reaction kinetics presented in Fig. 5(b) show: (i) an amplification response of the target attached to Cy5 due to its maximum refractive index dispersion at 500  75  525  25  15  12  13  116 000  Cy3  520  40  548  20  10  20  30  150 000  Texas Red  560  60  595  20  18  19  11  84 000  Cy5  610  84  650  28  17  6  4 250 000 652 nm, (ii) a smaller amplification induced by the other chromophores compared to the label-free target due to the small difference in their refractive index at 643 nm.
Conclusion
Target absorption effect on the spectral response of a SPR sensor has been highlighted. We demonstrated, both theoretically and experimentally, that labeling DNA target molecules with chromophore induces significant spectral SPR response changes. This enhancement (160%) is clearly due to their intrinsic strong spectral refractive index variation and not to the chromophore weight added to the target because the chromophore represents only 5.8% of the target weight. We have also shown that this phenomenon appears only when the chromophore presents an absorption band in the spectral range of the plasmon resonance coupling spectrum. The use of specific chromophores provides a potential way for SPR response enhancement, and these initial results suggest that this phenomenon can also be used in SPR imaging, in particular on SPR dynamic biochips. Finally, the influence of labels on the kinetics or on the equilibrium of biomolecular binding events has to be clarified to take full advantage of the enhanced sensitivity induced by dispersion from a chromophore. In addition, these results suggest a possible identification and selectivity tool for labeled targets with chromophores by tuning the resonance conditions. It also opens the way to SPR spectroscopy.
